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Abstract 

^f^ \ We have recently constructed a many-body theory for composite excitons, in 

f"^ . which the possible carrier exchanges between N excitons can be treated exactly 

(•~^ \ through a set of dimensionless "Pauli scatterings" between two excitons. Many-body 

j^ ■ effects with excitons turn out to be rather simple because excitons are the exact 

one-electron-hole-pair eigenstates of the semiconductor Hamiltonian, thus forming 

^ ■ a complete orthogonal set for one-pair states. It can however be of interest to 

Q \ extend this new many-body theory to more complicated composite bosons, i. e., 



"cobosons" , which are not necessarily the one-pair eigenstates of the system Hamil- 
tonian, nor even orthogonal. The purpose of this paper is to derive the "Pauli 
scatterings" and the "interaction scatterings" of these cobosons formally, i. e., just 
in terms of their wave functions and the interaction potentials which exist between 
the fermions from which they are constructed. We also explain how to derive many- 
body effects in this very general system of composite bosons. 



A few years ago, we have tackled the difficult problem of many-body effects between 
composite bosons through the study of interacting excitons in semiconductors [1-3]. Ex- 
citons actually constitute a very nice "toy model" since the semiconductor Hamiltonian is 
extremely simple — just electrons and holes with kinetic energy and Coulomb interaction 
— the full spectrum of the exciton eigenstates being analytically known in terms of hy- 
pergeometric functions, in 3D and 2D. When we started these studies, we had in mind to 
better understand the bosonization procedures [4] and to properly determine their limit of 
validity, through full-proof ab initio calculations. To our major surprise — and content- 
ment — we have found that, whatever the effective Hamiltonians for bosonized excitons 
[5] are, they miss a set of processes which actually produce the dominant terms in various 
problems of major physical interest, such as the semiconductor optical nonlinearities. 

The many-body theory we have constructed, which only uses the semiconductor Hamil- 
tonian written in terms of free electrons and free holes, makes appearing two fully inde- 
pendent scatterings [1-3]: One is associated to Coulomb processes between two excitons, 
the "in" and "out" excitons being made with the same electron-hole pairs. The second 
scattering is completely novel. It directly comes from the undistinguishability of the 
fermionic components of the excitons, and describe the carrier exchanges which can take 
place between two excitons, in the absence of any Coulomb process. While the direct 
Coulomb scatterings ^ are energy-like quantities, these novel "Pauli scatterings" A are 
dimensionless, so that they are, by construction, missed in any model Hamiltonian for 
interacting excitons, whatever the effective scatterings of these Hamiltonians are — a very 
strong statement, indeed! 

From dimensional arguments only, it is possible to show [6-8] that the semiconductor 
optical nonlinearities are entirely controlled by these Pauli scatterings at large detun- 
ing, so that there is no hope to correctly describe these nonlinearities through effective 
Hamiltonians for bosonized excitons. 

We could have dreamed of a better correctness in physical effects controlled by energy- 
like scatterings, such as the scattering rates of two excitons. Unfortunately, we have 
shown [9] that, in order to recover the correct value of these quantities, the effective 
scatterings between excitons that must be introduced in the exciton Hamiltonian, make 
this Hamiltonian non hermitian — although different from the usual exciton Hamiltonian, 



— a major physical failure hard to accept. 

All this led us to the conclusion that, in order to correctly describe many-body effects 
with excitons, it is not possible to "cook" the Coulomb interactions between electrons and 
holes with carrier exchanges, once and for all, in a set of "Coulomb scatterings dressed 
by exchange" as done in all model Hamiltonians describing interacting excitons. 

Since essentially all quantum particles known as bosons are composite particles, it 
can be of interest to extend our many-body theory for excitons to any type of composite 
bosons, i. e., to formally write their Pauli and interaction scatterings without using any 
particular form for these composite bosons nor for the system Hamiltonian. 

The paper is organized as follows. 

In the first section, we settle the notations and formally define the arbitrary composite 
bosons we study in this work, through their expansion in terms of free fermions a and 
free fermions /5. 

We have to consider that the cobosons form a complete set for one-fermion-pair states 
in order to possibly describe any system of fermion pairs in terms of cobosons. However, 
this does not impose the one-coboson states to be orthogonal — in connexion with one 
of our recent works on electron teleportation between quantum dots [10], in which one of 
the composite bosons of physical interest is a pair of trapped electrons. 

In section 2, we determine the Pauli scatterings, due to fermion exchanges between 
these composite bosons. As physically reasonable, they only depend on the composite 
bosons of interest, through their wave functions, but not on the system Hamiltonian. 
We, in particular, show how our results on the scalar products of exciton-states can be 
readily extended to arbitrary composite bosons, even if the one-coboson states are not 
orthogonal. 

In section 3, we show how we can formally write the energy-like interaction scatter- 
ings for any type of composite bosons — not necessarily the eigenstates of the system 
Hamiltonian — in terms of the potentials between fermions a and jS appearing in this 
Hamiltonian. 

In a last section, we explain how to derive many-body effects between these composite 
bosons, following a path similar to the one we have used for excitons. 

As our works on exciton many-body effects have pointed out quite clearly many weak- 



nesses of the bosonization procedures, while the many-body theory we have constructed, 
now allows to treat exchange processes between composite particles exactly, it can be of 
interest to introduce a new name for these tricky quantum particles, the "coboson" — as 
a contraction of "composite boson" . 

1 Arbitrary composite bosons 

We consider composite bosons made of one fermion a and one fermion /3. Let us introduce 
two arbitrary orthogonal basis for these fermions, 

|ka) = aljv) , 

m) = b^lv), (1) 

the anticommutators of their creation operators being such that {ak',aj^}+ = 5k',k = 

The states |kQ,,k^) = al^^b]^ \v) form a complete set for one fermion pair (a,/5), so 
that the closure relation for one-pair states reads 

1= Y. |ka,k^)(k^,k„| . (2) 

This closure relation allows to write any state \i) made of one (a,/5) pair as 

\i) = Yl |ka,k/3) (k^,ka|2) . (3) 

If we now write this one-pair state \i) as BI\v), we readily deduce that the creation 
operator BJ reads in terms of creation operators for free fermions a and /5, as 

Bl= E 4.<(k/3,k„|z). (4) 

ka,k^ 

Being made of a pair of fermion operators, BJ is a composite boson creation operator. 

In order to possibly describe a system of {a,/3) pairs entirely in terms of cobosons, it 
is necessary for these cobosons to form a complete set for one-pair states. If the coboson 
states l^) are normalized and orthogonal, their closure relation simply reads 

/ = E K) (^1 • (5) 

i 
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This allows to write the creation operator for a free fermion pair in terms of coboson 
creation operators as 

aiX=Y.BU^K,^p)- (6) 

i 

If the cobosons of physical interest form a complete set, but if this set is not orthogonal 
— as the pairs of trapped electrons we have studied in ref. [10], — their closure relation 
is not as simple as eq. (5). It now reads 

where the prefactors Zij are such that 

J2 ^irn {m\j) = 6,j . (8) 

m 

The above equation just says that the matrix made of the 2jj's and the matrix made of 
the (i|j)'s are inverse matrices. For nonorthogonal cobosons, the link between free pair 
and coboson creation operators is then given by 

«L<=E4%(j|k.,M. (9) 

2 Coboson scattering due to fermion exchange 

The "interactions" between two composite bosons which only come from the fact that 
these cobosons can exchange their fermions, do not depend on the forces acting on these 
fermions. Consequently, to determine these "Pauli scatterings", it is not necessary to 
specify the system Hamiltonian at hand. 

2.1 "Deviation-from-boson operator" 

By using eq. (4) for the coboson creation operators, we readily get from eq. (2), 

[Bm, Bj] = {m.[i^ - D^i , (10) 

where Dmi is the "deviation-from-boson operator". This operator, which is such that 
Dmi\v) = 0, as obtained by multiplying the above equation by \v) on the right, in fact 
appears as D^/ + D^^-. In the Dl^j part, given by 

^L1 = E blM E('^lka, k;,) (k^, k.|z) , (11) 



k^-k^ 



the cobosons m and i are made with the same fermion a, while in D^^l, given by 

k^.ka k^ 



(12) 



the cobosons m and i are made with the same fermion j3. 

2.2 "Pauli scatterings" for cobosons 

To go further and deduce the "Pauh scatterings" between cobosons, it is necessary to 
consider that these cobosons form a complete basis for one-pair states, in order to possibly 
write a pair of free fermions (a,/3) in terms of cobosons, using eq. (6) or (9). 

2.2.1 Orthogonal cobosons 

Let us start with orthogonal cobosons related to free pairs through eq. (6). The "Pauli 
scatterings" A (mi), due to fermion exchanges between composite particles, are defined 
through 

"^->^l]=EK-0+^("01^"- (13) 

n 

To calculate A, we use eqs. (4,11) to get 






Y. Y. ("^|ka, k^) (k/3, k«|i) (p^, pa|j) 4;3,p^ "^pjip ■ (14) 

k|3,k^,kcP".P/3 



We then express a^l)^ in terms of B^ according to eq. (6). This leads to 



41,i?j]=E^fr9^1' (15) 

n 

where A f ^ -^ j is given by 

A (::. = E ("^Ika, k;,) {n\K. k/^) (k^, k„|z) (k;3, K\3) ■ (16) 



k^,ka,k^,k^ 



The second term on the RHS of eq. (13) is obtained in the same way, by calculating 

\d^^^ B^] 

The Pauli scattering A f^'i) is shown in Fig. la. As for composite excitons, it corre- 
sponds to a fermion exchange between the "in" cobosons («, j) such that the coboson m 
ends by having the same fermion a as the coboson i. (By convention, the cobosons of the 



lowest line of the Pauli scattering Xim])^ here m and i, are made with the same fermion 



a). 



We can rewrite this Pauli scattering in r space by using 



{kf3,'ka\i) = / dradr^Ckfslrfj) {ka\ra) {rp,ra\i) 



(17) 



and by performing the summation over the various k's through closure relations. We find 
that \[m\) reads in terms of the wave functions of the {m,n) and {i,j) cobosons, as 



^ (m i) = j dra, dra^ rfr^, dr^^ 0;;(r«,, r^gj ^^(rc,^, r^gj (piiva^rpj ^^(rc,^, r^J 



(18) 



where </)j(rQ,, r^j) = {rj3,ra\i) is the wave function of the coboson i (see Fig. 2a). 

2.2.2 Nonorthogonal cobosons 

If the cobosons form a nonorthogonal basis for one-pair states, the link between the 
creation operators for free fermion pairs and cobosons given in eq. (6) has to be replaced 
by the link given in eq. (9). From it, we now get 



D B' 



n p 



^np 



X L\ +x 



m J 
p i 



(19) 



where A (m'^j) is the same Pauli scattering as the one defined in eq. (16) or (18). 

2.3 Scalar product of coboson states 

Equation (19) for cobosons forming a nonorthogonal basis is definitely not as simple as 
eq. (13). This, however, has no major consequence on the scalar product of A^-coboson 
states. Indeed, if we consider the scalar product of two coboson states, we find, using eq. 

(10), 

{v\B^BnBlB\\v) = {n\€) (m|j) + (n|j) {m\i) - (t;|5„Z}„,5>) , (20) 



the last term of the above equation reading, due to eq. (19), 



{v\BmDniB]\v) =Y.{m\p) 



'pq 



X L i 



p,q 



Ago 



(21) 



So that, due to eq. (8), the scalar product of two-coboson states reduces to 



?tDt 



{v\B^B^BjB]\v) = {n\i) {m\j) + {n\j) {m\i) - A 



n ] 
m i 



Hnl 



(22) 



The exchange part of this scalar product is just the one for orthogonal cobosons — or 
for excitons [1] — , the only difference coming from the naive part, i. e., the part which 
remains when cobosons are replaced by elementary particles, the scalar product {mli) 
being just replaced by 6m,i if the cobosons are orthogonal. 

It is possible to show that this nicely simple result can be extended to more complicated 
scalar products of coboson states. 

3 Coboson scatterings due to interactions between 
fermions 

The cobosons interact through fermion exchanges as described in the preceding section. 
They also interact, in a more standard way, through the forces which exist between the 
fermions from which they are constructed. It is of importance to note that this second 
coboson interaction, which can appear as rather naive, is in fact very subtle due to the 
fermion undistinguishability. Indeed, with fermions (ai, 02, /3i, /?2), two kinds of cobosons 
can be made, {ai,Pi) and (02, /32), or {ai, P2) and (02, /9i)- Due to this, the interactions 
between cobosons resulting from forces between fermions a and (3, must be taken as 
v{ai,P2) +'v{a2,Pi) in the first case, but v{ai,Pi) +v{a2,P2) in the second case. Since 
there is no way to know with which pairs of fermions the cobosons are made, there is no 
way to unambiguously write the interactions between cobosons associated to the forces 
between fermions a and /?. 

It is however clear that, even if the interactions between cobosons due to forces between 
fermions a and (3 cannot be properly defined, these forces must play a role in the many- 
body physics of these cobosons. The clean way to make them appearing is actually non 
standard. It again relies on a set of commutators. 

3.1 System Hamiltonian for fermions a and /3 

The general form for a system Hamiltonian made of fermions a and (3 reads in first 
quantization as 

H = H^ + Hp + V^^ + Vpp + V^p . (23) 



Ha and Hp are one-body operators for fermions a and fermions (3: 

Ha = J2 ^"(^an) ^/3 = I] ^/3(r/3n) • (24) 

n n 

The three other terms of the Hamiltonian (23) are two-body operators which correspond 
to interactions between cobosons a, between cobosons f3 and between cobosons a and (3: 

VaP = Yl ^"/^(rQn, r/3n') • (26) 

n,n' 

In terms of the creation operators for the free fermion states introduced in section 2 
(which, in general, are not the exact eigenstates of ha and hp), the non-interacting part 
of the system Hamiltonian reads 

Ha= J2 (KlhaK) al^a^^ , (27) 

k k' 



where the prefactors are given by 

(KKIK) = I dr {k'Jr) hair) {r\ka) . (29) 

and similarly for (k'Jhplkp). In the same way, the two-body interacting parts of the 
Hamiltonian H read in second quantization, on this basis, as 

Vaa =2 Z^ ^aa [kl k^j '^k^ '^q^ '^q^ '^k^ ! (30) 

i^a I'^cx f^a f^a 

Vaf3 = E ^"/3 (li Z) 4^^Jc' ^k^«k„ , (31) 

k' k k' ko 

where the prefactors are given by 



Jaa Ik' k. 



/ dvadr'^ (k'„|ra) (q'„|r^) Vaa{ra,r'J (r^|qa) (ra|k„) 
^- (S I:) ' (32) 



and similarly for the other prefactors. 



3.2 Orthogonal cobosons 

3.2.1 "Creation potential" 

Let us first consider cobosons forming an ortfiogonal set, tliese cobosons being not nec- 
essarily the exact one-pair eigenstates of the system Hamiltonian. Due to the closure 
relation (5) for orthogonal states, H acting on \i) then reads 

H\i) = Y,\m) {MH\i) , (33) 

m 

with {m\H\i) = Ei6m,i if the cobosons are eigenstates of the system Hamiltonian, i. e., if 
{H — Ei)\i) = 0. Equation (33) leads to define the "creation potential" V^ for the coboson 
i as 

[H,BJ]=Y.{m\H\t)Bl + V^ , (34) 

m 

in order for the creation potential to be such that 

K^\v) = . (35) 



This insures V^ to indeed describe the interactions of the coboson i with the rest of the 
system. Let us now calculate this V^ explicitly. 

(i) It is possible to split the commutator of BJ, given in eq. (4), with the part of the 
Hamiltonian acting on fermion pairs, into three terms: 

H^ + Hp + V;^, B\\ = A\ + A\ + Al, (36) 

with A\ in a^h\ Al in a'^b^b'^b and ^3 in a^b'^a^a. The first term A\ precisely reads 

4 = H aljl^ Y.(K\ha\Pa) (P/3,PaK) + Yl ^IJI^ IK^I^/?!?/?) (P/3,PaK) 



K^n '^ P"'P/3 



E 4^^Jc' E ^"/3 kjp! (P/3,PaK) • (37) 



By noting that Ha does not act on fermion /3, while the prefactor of the last term is 
nothing but 

^"/3 (^kj p!!] = (k^,k'„|K^|p«,p^) , 

it is easy to see that Aj can be rewritten in a compact form as 

A = E 4^^l' E (K^ K\Ha + Hp + K/j|Pa, P/3) (P/3, PaK) ■ (38) 



k^.k;, '^ Pa, P/3 
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If we now use eq. (6) to write a^6^ in terms of cobosons, we end, due to eq. (2), with 



A\ = Y.{m\H\^Bl 



(39) 



which is just the first term of eq. (34). 

The second term on the RHS of eq. (36), A^, appears as 



4 = E 4^^i, E ^i'^k, E^"/3 (kj p!) (P/3,PaK) • 
k',p,, k',k« Pa ^ ^ 



k;3,k^ 



k' k, 



(40) 



We rewrite the first a^6^ in terms of coboson operators according to eq. (6), to make A2 
reading as 

A = Y.B]n E ^k' ^k^ XaP%, k/3; m, i) , 



"!■ k' ko 



^a/3(k^,k/3;m,2) = E ("^I^L, P/j) ^^a/3 ( k; pj (P/3, P"K) • (41) 

ka,Pa,P/3 



k;, k^ 



In the same way, ^3 is found to be 



^3 = E^m E 4j,«ka^a/3(k;„k„;m,z) , 
F„^(k^, k„; m, z) = E ("^IPa, k^) v^^p (^k|J E] (P/3. P«K) 

kj3,Pa,P;3 



(42) 



(ii) If we now turn to the interactions between fermions a, the same procedure leads to 



V B- 



■^ao(k^, Kq,; ?7l, I) 



Z^^m Z^ O-k' Ctkc, ^aa(kQ,, kg,; m, i) 



m W k 



E ("^l^a' P/3) ^"" (q|^ p") (P/3. P«K) 

qa.Pa.Pfi 



while the interactions between fermions (3 give 



Vpp.B, 



Y.BI E 4^k,x^/3(k;3,k^r 



k;5,k^ 



(43) 



Xpp{\i!p,'kp-m,i) = E ("^IP«'ql3)^'/3/3(^qU pj (P/3.P«K) > (44) 

qj3,Pa.P;3 

(iii) By collecting the results of eqs. (36,39,41,42-44), the creation potential V^j , defined 
in eq. (34), finally reads 

V^=Y.BlWrm^ 
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where the operator Wmi is defined by 



Wmi = ^ aj,, ak„ [Faa(k^,ka;m,i) + Y'Q/3(k^,k„;m,2)] 






J2 bl'^^0 te/3(k|3, ^p; m, i) + XatsCk'p, kp; m, i] 



(45) 



k;3,k^ 



Since Wmi\v) = 0, it is thus easy to check that the condition (35) for a creation potential, 
is indeed fulfilled by this V^ . 



3.2.2 "Interaction scatterings" 

The "direct interaction scatterings" between cobosons i and j physically come from the 
interactions between fermions {a, a), between fermions {(3,(3) and also from the inter- 
actions between fermions (a,/5), with the part between the fermions (a,/5) making the 
coboson i excluded. These interaction scatterings are formally defined through 



V^.B] 



so that these scatterings are such that 



Wrm.B] 



Vf f" ^\ B^ B^ 



E^frO^i 



(46) 



(47) 



To calculate ^, let us consider the first term of eq. (45), in Yaa- Using eqs. (4,6), the 



commutator of this first term with B^^ reads 



^(1) Rtl 



k' k I-.' n' 

= E YUK. ?:.; ra, I) (p;,, p:,|j) ^ ^1 HK. P;^) ■ (48) 



By inserting Y^a given in eq. (43) into the above equation, we find that the first term of 
i (m i) reads 

6 (m i) = E ("^l^a' P/3) (^Ik'a. pi?) ^aa (qj^ p^) (P/3, PaK) (P^, P^Ij) • (49) 

This .^1 (^i) is shown in Fig. lb. It corresponds to an interaction between the fermions ot 
of the "in" cobosons («,j), the "out" cobosons {m,n) being made with the same fermion 
pair as the "in" cobosons. We can rewrite this ^i in real space, by using eqs. (17) and (32) 
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and by performing the summation over the various k's through closure relations. This 
leads to 

f, Ci) = /*„,dr„.*„dr,.C(r„,.r„)C(r„..r,.)»„„(r„..r..)^.(r.,.r„)^,(r...r,.) . 

(60) 
which is shown in Fig.lc. 

By calculating the contributions of the three other terms of eq. (45) in the same way, 
we end with a direct interaction scattering which has a form very similar to the one for 
excitons [1], namely 

^ (m i) = / dVal dra2 dvpi dv ^2 <Kn{^al, ^ pi) C(r«2, r/32) 0j(ral, F^l) </)j(r„2, r/32) 

X Ka(ral, r„2) + Vpp{vpi, r^2) + Vap{v^i, Yp2) + Vap{Va2, T/Jl)] • (51) 

This direct scattering is represented in Fig.2b: In it, no fermion exchange takes place 
between the "in" cobosons (i, j). 

3.2.3 Matrix elements of the system Hamiltonian in the 2-coboson subspace 

Using the commutators given in eqs. (34,46), the Hamiltonian in the two-coboson subspace 
appears as 

{v\B^B^H B\b]\v) = Y^{v\B^BnB\B\\v) {q\H\j) + (z ^ j) 

+ E^(pO {^\BnABlBl\v) . (52) 

pq 

So that, using eq. (22 ) for the scalar product of orthogonal cobosons, we end with 
{v\BrnBnHB\B]\v) = L, {n\H\j) + 6n, {m\H\j) - ^ (A (l i) + XC !)) {q\H\j) 

H {I {)-€%{)] +[^-j], (53) 
where .^™ is the exchange interaction scattering shown in Fig. 2c. It is precisely given by 

pq 

= J rfr„i dr^i cir„2 rfr^2 ("^Ir^i, r^2) {n\ra2, r/3i) (r/31, r^iK) (r/32, ra2|j) 

X [Vaairal, ro2) + ^^/3/3(r/31, r^2) + Vafi{ral, r^2) + W«/3(ra2, T/Jl)] . (54) 

In the case of coboson eigenstates of the system Hamiltonian, {n\H\j) = Ej 6n,j, we readily 
recover the result for composite excitons [1]. 

13 



3.3 Nonorthogonal cobosons 

If the coboson states form a complete set for one-fermion-pair states, but if these states 
are not orthogonal, we expect the preceding results to be far more complicated. It turns 
out that, as for the scalar product of cobosons, given in eq. (22), the only difference with 
the results for orthogonal cobosons comes from the naive part. 

3.3.1 Creation potential and interaction scattering 

Let us briefly go through the same path as the one we used in the preceding subsection, 
the closure relation for cobosons being now given by eq. (7). 

The definition of the creation potential for the coboson i, given in eq. (34) for orthog- 
onal cobosons, now reads 

?tl 



H,Bl 



Y^BlJ2z^,{q\H\z) + V^ , (55) 

m q 

in order to still have V^ |f ) = 0. From the precise calculation of V^ , we can then show, by 
using eq. (9) to write a^6^ in terms of cobosons, that 

V^ = Y.Blz^,W,,, (56) 

mq 

v^, Bj] = y: BiBi y: zmp z^, e {i o , (57) 

mn pq 

where Wqi is defined in eq. (45) and ^ is the direct interaction scattering defined in eq. 

(51). 

3.3.2 Matrix elements of the system Hamiltonian in the 2-coboson subspace 

Using eqs. (55,57), we readily find 

{v\B^BnHBlB}\v) = {v\B^Br,B\HB]\v) +{i^]) +Y{v\B^Br,BlBl\v) ZptZq^i{t l) ■ 

pqtu 

(58) 
The closure relation (7) allows to write the first term of the above equation as 

{v\BraBnB\HB]\v) = Y{v\BmBnBJBl\v) zp, {q\H\j) , (59) 

pq 

SO that, using the scalar product of coboson states given in eq. (22), this first term reads 
{v\B„,Br,BJHB}\v) = {n\t) {m\H\j) + {m.\t) {n\H\j) - ^ [A C^ ^) + A CT !)] Zpq {q\H\j) , 

pq 

(60) 
14 



If we now turn to the last term of eq. (58), we find, from the same eq. (22), 

Y,{v\B.mBnBlBl\v) ZptZquii^ti) = H ("^Ip) (^I?) ZptZgu^i^ti) 
pqtu pqtu 

-E^frp) Wef/) + {m^n). (61) 

pqtu 

The first term readily gives ^ (^ \\ due to eq. (8). By using the expressions of A and ^ 
in r space given in eqs. (18,51), the second term appears as 

Y.^i^'i) ^vt Zqui(^ti) = Y. V Zqu {dr} d{r'} (?7i|r'^i, r'^^) {n\r'^2, r^i) Wfn^'ailp) 

pqtu pqtu 

X Wp2^^'a2\Q) (^|ral,r^l) {U\ra2,rp2) [Vaa{ral,ra2) + ^'/3/3(r/31, r^2) 

+Vap{rai,rf}2) + Vap{ra2,rpi)] (r^i,r„i|z) (r^2,r«2|j) • (62) 

The summations over {p,t) and {q,u) being performed through eq. (7), we readily find 
that the sum (62) reduces to the exchange interaction scattering ,^™ (mi) given in eq. 
(54). 

The above results thus show that the matrix elements of the system Hamiltonian in 
an arbitrary two-coboson subspace are given by 



tDtl 



{v\BmBnHBjB}\v) 



{n\i) {m\H\j) - E A (m ?) Zpq {q\H\j) 



pq 



+ [i^ j] 



H(l{)-r{l{)} + {m^n}. (63) 



This result, which reduces to eq. (53) when the coboson states are orthogonal, again show 
that the part coming from interactions between cobosons is formally the same whatever 
is the complete set of states these cobosons form. 

4 Many-body effects with arbitrary cobosons 

The standard way to derive many-body effects between elementary quantum particles for 
which the system Hamiltonian splits a.s H = Hq + V , goes through the iteration of 

' ' .-^V-V. (64) 



a — H a — Ho a — H a — Hn 



We have shown [2] that, in the case of composite excitons which are eigenstates of the 
semiconductor Hamiltonian, the equivalent of if = Hq + V , deduced from [H, B}] = 
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EiBJ + V^, is HBJ = (if + Ei)Bl + V^ , so that the equivalent of eq. (64) reads 

Bl = Bl-^— + -^V^-^—. (65) 



a — H a — H — Ei a — H a — H — Ei 

In the most general case considered in this work, the creation potential of the coboson 
i is defined through 

m q 

= HuBJ + vj + V^, (66) 

where we have set 

Hmi = Yl ^rnq {q\H\i) and vj = ^ B}^ Hmi . 

v} is such that vj\v) ^ 0, while \v\, 5]] = 0. The equivalent of eq. (65) then reads 

_L_ B^ = B^ i + -^— (v^ + 0) i . (67) 

Using eq. (67) which is not far more complicated than eq. (65), we can follow the 
same procedure as the one used for excitons, to deduce the part of the many-body effects 
between arbitrary cobosons coming from interactions between the elementary fermions 
making these composite bosons. Their correlations read in terms of matrix elements 
between iV-coboson states which look like 



1 



{v\B^^...B^,^-Bl---Bl\v). 



To calculate them, we first push l/(a — H) to the right according to eq. (67) and we 
eliminate the various "creation potentials" through eq. (46) or (57). This makes appearing 
a lot of interaction scatterings ^. We end with scalar products of A^-coboson states, 
which do not contain the system Hamiltonian anymore. These scalar products are then 
calculated, as for excitons, in terms of Pauli scatterings between two cobosons, using eq. 
(10) and eq. (13) or (19) — as done to get eq. (22) for just N = 2 cobosons. When 
A^ is large, these scalar products are better represented by Shiva diagrams for fermion 
exchanges between P excitons, with 2 < P < A^, as explained more in details in a 
forthcoming publication [11]. 
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5 Conclusion 

In conclusion, the present work shows how the concepts we have recently introduced to 
exactly treat the subtle carrier exchanges which take place in the many-body physics of 
excitons, can be extended to arbitrary pairs of fermions. The correct description of com- 
posite boson many-body effects relies on two sets of scatterings: the "Pauli scatterings" 
for fermion exchanges without interaction and the "interaction scatterings" for interaction 
without fermion exchange. To derive these scatterings, it is not necessary for the fermion 
pairs to be the exact eigenstates of the system Hamiltonian, nor to form an orthogonal 
set. 
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Figure 1: (a): Diagram, in the free fermion basis (]<;„, k^), for the "Pauh scattering" 
-^(mi) given in eq. (16), in which the "in" composite bosons i and j exchange their 
fermions /?, represented by a dashed hne, the "out" coboson m being made with the same 
fermion a as the coboson i. (b): Diagram, in the free fermion basis, of the part ,^i (mi)) 
given in eq. (49), of the interaction scattering, due to interactions between the fermions 
a of the "in" cobosons (i,j), the "out" cobosons {m,n) being made with the same pairs 
as the "in" cobosons. (c): Same ^i (mi)) due to (a, a) interactions, as shown in (b), but 
now in real space. 
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Figure 2: (a): Diagram for the "Pauli scattering" A (mi)) shown in Fig. la, but now in 
real space, (b): Diagram, in real space, for the "interaction scattering" ^(^ i); defined 
in eq. (51), in which the "in" cobosons interact through the interactions of the fermions 
from which they are constructed, the "in" and "out" cobosons being made with the same 
fermion pairs (q;i,/3i) and (025 /92)- (c): Diagram, in real space, for ^"^(mi)) defined in 
eq. (54), which is a mixed exchange-interaction scattering, the interactions taking place 
before the fermion exchange, i. e., between the "in" cobosons («, j). 
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